The aim of this work is to characterize the ejection plume obtained by laser ablation of GaLaS (GLS) samples in order to better understand the ablation phenomena for optimizing the pulsed laser deposition of chalcogenide thin films. The dynamics of the plasma between target and substrate was investigated through timeand space-resolved optical emission spectroscopy. High-resolution optical spectra have been recorded in the UV-VIS range using a 500-mm focal length monochromator and a fast gate ICCD camera. From the space-time evolution of the optical signals, the velocities of various species (including neutrals and ions) have been derived. Using the relative intensity method, the space-and time-evolution of the excitation temperature and electronic density have been determined. A complex behavior of the laser ablation plasma has been revealed.
Introduction
Amorphous chalcogenides represent an important segment of IR-transparent materials with multiple applications in, e.g. the development of amplifiers and laser sources, optical sensors and all-optical processing components based on non-linear properties [1] [2] [3] [4] [5] . In this frame, a special chalcogenide glasses class, namely gallium lanthanum sulphide (GLS), has been evidenced (in particular when doped with rare earth elements) as an attractive non-toxic alternative to arsenic-based glasses, with optical transparency from the visible to infrared wavelengths, thermal stability, high refractive indices, high rare-earth solubility, high transition temperature and large photoinduced effects [6] [7] [8] [9] . These glasses are stable, hard, and non-hygroscopic and can be involved in a wide range of novel opto-electronic applications based on their photo-stimulated properties (absorption edge shifts, photo-induced refractive index changes, photo-sensitivity etc.) [10] [11] [12] .
For some of the applications listed above (especially those related to integrated optics), the processing of the chalcogenide glasses in form of thin films is necessary. Numerous methods of preparation are available (spin coating, thermal evaporation in vacuum, ionic and magnetron sputtering, CVD etc.), yet synthesis of chalcogenide thin films of complex composition, desired stoichiometry, good homogeneity and adhesion to the substrate and other specific physico-chemical properties is often found to be a difficult task for these "classical" methods. Pulsed laser deposition (PLD) evolved as one of the prospective techniques in this field, due to the simplicity of its principle, the possibility to obtain stoichiometric transfer of target material to the substrate and to fabricate films of unusual composition [3] . Although the PLD technique has been employed for almost two decades [13] to grow chalcogenide thin films, the control and optimization of the deposition parameters are still generally done in an empirical manner. For the detailed understanding of the processes connected with PLD and particularly for the optimization of the PLD of amorphous chalcogenide films, studying the dynamics of the plasma plume formed during laser ablation is appealing. Despite the numerous works available in the literature on the PLD growth of amorphous chalcogenides and related materials, only few of them tackled this issue using optical and electrical investigation methods [14, 15] . Some authors characterized the composition of the ablation plume in terms of atoms, molecules or clusters by using Time-of-Flight Mass Spectrometry [16, 17] .
2
The aim of this work is therefore to investigate the dynamics of plasma plume generated by nanosecond laser ablation of GLS chalcogenide under vacuum. The behaviour of the GLS plasma formation was investigated through time-and space-resolved high-resolution optical emission spectroscopy (OES) and fast gate ICCD imaging. From the space-time evolution of the optical signals, the velocities of various species present in the plasma (including neutrals and ions) along with temporal and spatial evolution of associated excitation temperatures and electronic densities have been derived.
Experimental details
The experimental set-up employed for these measurements has been described previously [18] [19] [20] [21] . A schematic view is presented in Figure 1 . The GLS chalcogenide target (20 mm diameter, 5 mm thick disk) is placed on a micrometric precision multi-axis translation-rotation stage in a ~10 l vacuum chamber evacuated to a base pressure of 1x10 -6 Torr by a 550 l/s turbomolecular pump (Agilent Technologies TV-551) coupled to a 12.6 m 3 /h dry fore pump (Agilent Technologies TS-300). The second harmonic (λ = 532 nm) of a 10 ns Nd:YAG pulsed laser beam (Continuum Surelite III-10) is focused (at normal incidence) by a f = 25 cm lens onto the GLS target, through a 1 mm diameter hole manufactured in the substrate holder used for thin film deposition. The estimated spot diameter at the impact point has been ~700 µm for a laser energy of 15 mJ/ pulse, leading to a fluence of ~4 J/cm 2 . The laser ablation plasma emission was visible to the naked-eye on a distance of ~1 cm along the normal to the target, expanding on several mm on the transversal direction. The formation and dynamics of the plasma plume have been studied by means of a high-resolution monochromator (Acton SP2500i, 500 mm focal length) and an intensified CCD camera (Roper Scientific PIMAX2-1003-UNIGEN2, 1024X1024 pixels, minimum gating time 2ns). The monochromator is fitted with one mirror and two diffraction gratings (300 l/mm, blaze at 300 nm, and 2400 l/mm, blaze at 240 nm) mounted on the same three-position turret, which allows an easy switching between imaging, low-resolution, and high-resolution spectroscopy experiments. For the imaging experiments, a Nikon objective was used to form the image of the whole plasma plume on the ICCD array through the kinematic entrance slit (12 mm x 12 mm opening) of the spectrometer and with the turret fixed in the mirror position. The ICCD camera was triggered on the TTL Q-switch output of the ablation laser (10 Hz repetition rate), and an internal routine was used to increment the delay between the laser pulse and the gate opening. For this configuration, gate widths of 5 ns were usually employed, in order to catch as much as possible sharp temporal snapshots in the space-time evolution of the plume. Averaging on 20 snapshots for each delay has been performed. For spectrally resolved studies, the plasma plume emission was focused on the monochromator entrance slit by a f = 40 mm cylindrical lens (see Figure 1 ). Low-resolution spectra were recorded using the 300 l/mm grating and a monochromator entrance slit width of 50 µm in order to identify the spectral regions of interest. In this configuration, ~80 nm broad spectra were recorded for a given position of the grating, with a spectral resolution of ~0.5 nm. Finally, the high-resolution spectra were recorded with the 2400 l/mm grating and a slit width of 50 µm, resulting in a spectral resolution of ~0.06 nm on ~8 nm broad spectra for a given grating position. The complete spectrum was obtained by using the "step-and-glue" procedure of the monochromator/camera software, which automatically increments the grating position once a given (80 nm or 8 nm wide) spectrum was recorded.
For space-resolved optical emission spectroscopy studies, a 1 mm x 5 mm slit was placed in the vacuum chamber, at 40 mm from the normal to the target (see Figure 1 ). This slit defined 1 mm width plasma plume "slices" parallel to the target surface, which were further imaged (~1:10 magnification) by the cylindrical lens on the monochromator entrance slit. The slit was maintained fixed and, for spatial scanning, we translated the target and the laser focusing lens as a whole (i.e. without modifying the distance between them), as they were both attached to the same XYZ micrometric translation stage. This arrangement ensures the same ablation spot diameter on the target, i.e. the same fluence, for all the experiments performed. With this system, good spatial resolution (0.2 mm along the normal to the target, for a monochromator entrance slit of 20 µm) and S/N ratio (usually >100) have been achieved.
The experimental set-up includes also electrical probes (target potential, Langmuir probes) linked to a fast digitizing oscilloscope (2 Ghz, LeCroy) for transient plasma sub-ns investigations which are not presented in this paper.
Results and discussion
In order to obtain a preliminary insight on the dynamics of the laser GLS ablation plasma plume, ICCD sequential snapshots of the spectrally unresolved plasma optical emission are recorded at various delays (100-1300 ns) with respect to the laser pulse ( Figure 2 ). These pictures reveal the formation of a single plasma structure, on the contrary of some previous studies showing a splitting of the plume in two components (fast and slow) [14, 15, 20, 21] . The average axial velocity of the maximum emitting point derived from these images (4.4x10 3 m/s) is of the same order of magnitude as in the "slow" component of plasma plume recorded for the AsSe system [14] and is lower than the value derived from time-of-flight Langmuir probe experiments on the nanosecond ablation of gadolinium gallium garnet [15] . We emphasize however that this velocity reflects only the evolution of the maximum emitting point in the plasma (which is ruled mainly by excitation collisions and radiative de-excitations), yet individual species with significantly higher velocities can be present in the plume. In order to separate the contribution of each species present in the plasma plume, we have performed a spaceand time-resolved optical emission spectroscopy study using the technique described in [21] . Figure 3 displays an overview of the 250-700 nm spectral range recorded in the vicinity of the target and the assignment of the most intense spectral observed lines. One can easily notice the presence of both neutral and ionic species in the spectrum, and even some signals from double-charged ions in the case of La. By using the scanning capabilities of the ICCD camera, temporal profiles of the emission lines at a given distance from the target can be recorded in seconds, as illustrated in Figure 4 . By recording these profiles at various distances from the target (z), and plotting the distance vs the time needed to reach maximum emission, one can derive axial velocities for the individual species of interest. An example is given in Figure 5 for the results obtained in the case of five neutral and singly-charged species of Ga, La, and S. The velocity values derived for these species and others (not displayed) are summarized in Table 1 .These data show the presence of high kinetic energy species in the plume, with velocities in the range of 10 4 m/s. This is of practical importance for PLD, as energetic particles hitting the surface of a growing film can influence the nucleation, energy and mobility of adatoms on the surface of the film, by colliding with atoms already adhered to the existing islands, causing bond breaking or even sputtering.
The velocity values displayed in Table 1 turn into kinetic energies ranging from 19 eV for S + to 190 eV for La + . It has been shown that for such high kinetic energies, sputtering rates exceeding 0.5 can be reached (Ag atoms, 4.5 J/cm 2 [22] ). A possible solution is of course to reduce the fluence, but in this case stoichiometric transfer issues may arise [23] ).
Generally the expansion velocities of the ionized species are found to be higher than those of the excited neutral species [14, 15, 21] . This trend seems to be generally followed in our experiments (see Figure 5 ), however some neutrals (e.g. Ga, see Table 1 ) can exhibit velocities comparable to those of the corresponding ions. This can be an evidence of a different ionization/excitation mechanism for this species, possibly resulting from in-plume collisional/radiative processes rather than directly from the ablation step.
In order to get some insight on the internal energies of the species present in the plume, the excitation temperature can be calculated using the relative intensities of two or more spectral lines originating from the same ionization stage, based on the well-known Boltzmann plot method [20, 21] . An example is given in Figure  6 for La II (spectroscopic constants from [24] have been used). Excitation temperatures for other species, recorded at z = 0.5 mm from the target, are summarized in Table 1 . Note that these are somehow "averaged" temperatures, as the gate width of the detector was set to 1 µs. Although the temperature values are rather common for this range of laser fluences, one can easily remark the very low temperature of S II, which can also indicate a different excitation mechanism for this species (note also that neutral sulfur emission lines have not been present in the spectrum).
Deeper insight on the plasma plume dynamics can be granted by studying the space-and time-resolved profiles of the excitation temperature and electronic density. For temporal temperature profiles, this can be done from series of snapshots taken at a given distance and various delays with respect to the laser pulse (as those in Figure 4 ), calculating for each delay the ratio of two spectral lines intensities (this method was preferred here for simplicity and time-saving, instead of the "heavier" Boltzmann plot method used above to derive the "average" temperatures). Two examples are given in Figures 7-a and 7-b for the temporal evolution of La + (derived from the relative intensity of the 428.69 nm and 429.60 nm lines) at two distances from the target (z = 0.5 mm and 1.55 mm, respectively). The temporally-resolved (50 ns resolution) excitation temperatures obtained (roughly between 6500 K and 9500 K) are consistent with the average value (1 µs) found at z = 0.5 mm.
Moreover, the temporal evolution of the electronic density n e can be calculated from the temperature temporal profile by using the relative intensities of the neutral atomic lines and singly-charged ionic lines according to the Saha-Eggert equation [25, 26] . Using the 428.026 nm and 428.696 nm spectral lines of La* and La + , respectively, and the spectroscopic data from [24] , we derived the temporal profiles of the electron density displayed in Figure 7 . The electron density and temperature values (at least up to the onset of the oscillations) seem to be in fair agreement with previous studies performed at comparable fluences, but on completely different materials (Ag [27] , Cu [28] ). This somehow suggests a quite universal behavior in this range of fluence, which can be related [23] to the not so different cohesive energies (vaporization enthalpies) of e.g. Ag, Cu, Ga and La (at least in pure solid samples). Note however that S is much more volatile (by two orders of magnitude), which can also explain the different behavior evidenced above. Nevertheless, the multiple maxima present in the temperature and electronic density profiles reveal a complex behavior of the plasma plume, probably driven by (excitation/ionization/recombination) collisions and electric interactions, leading to the idea of double-layer formation and self-structuring, as evidenced previously in [29] [30] [31] . Complementary investigations by electrical methods (Langmuir probes and time-of-flight mass spectrometry) are envisaged in order to validate or reject this hypothesis.
Conclusions
Dynamics of plasma generated by laser ablation of GLS chalcogenide has been investigated through fast ICCD imaging and time-and space-resolved optical emission spectroscopy. Axial velocities have been derived for several neutral and singly-ionized species. Using the relative intensity method, the spatio-temporal evolution of both excitation temperature and electronic density has been investigated. The results evidenced a complex plasma formation with possible self-structuring behavior. These findings may have practical implications for pulsed laser deposition of amorphous chalcogenide thin films. A systematic study (using also electrical characterization methods, e.g. Langmuir probes) on the deposition conditions (including ablation laser pulse duration -ns, ps and fs) is therefore planned. Figure 1 . Schematic view of the experimental set-up.
8 Figure 2 . Temporal evolution of the spectrally-integrated optical emission of the plasma plume obtained by laser ablation of the GLS sample. Successive laser pulses of equal energy (15 mJ, fluence = 4 J/cm 2 ) were used to record the snapshots at different delays. 14 Table 1 
